Fluorescence emission behavior is reported for 1,1'-binaphthalene, 2,2'-binaphthalene, 9,9'-bianthracene, 9,9'-biphenanthrene, 1,1'-methylenebisnaphthalene, and 1,1',2,2'-tetrahydro-5,5'-biacenaphthylene dissolved in organic nonelectrolyte solvents of varying polarity, refractive index, and dielectric constant. Fluorescence measurements are used to classify the six bipolycyclic aromatic hydrocarbon (bi-PAH) solutes as either solvatochromic probe or nonprobe molecules, depending upon whether measured fluorescence properties vary with solvent nature. Of the bi-PAHs studied, only 9,9'-bianthracene exhibited probe character. Possible correlations between 9,9'-bianthracene's maximum intensity emission wavelength and select functions of solvent refractive index and dielectric constant were examined. Also reported is the effect that nitromethane has on bi-PAH fluorescence emission intensities.
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I N T R O D U C T I O N
Identification and quantification ofpolycyclic aromatic hydrocarbons (PAHs) in unknown mixtures require accurate fluorescence emission intensity measurements, as well as the availability of a large spectral data file for comparing the unknown's spectrum against PAH standards. The majority of mixtures commonly encountered contains several isomeric pairs or structurally similar aromatic compounds, which emit in approximately the same spectral regions. Kalman filtering and Gaussian or other curve-fitting techniques, ~-6 alone or in combination with phase-resolved 7-9 or synchronous scanning 1°-~8 fluorescence spectroscopy, theoretically allow uncoupling of overlapped spectra. Such methods become less reliable, however, as the number of mixture components increases. High-performance liquid chromatographic (HPLC) separation prior to fluorimetric analysis affords a viable alternative, but again the method is extremely time-consuming whenever large numbers of isomeric compounds are present.
Bliimer and Zander ~9 recommended that nitromethane and/or nitrobenzene could be added to a water/aeetonitrile alternant carbon atom in the aromatic ring system can be "starred". Nonalternant PAHs, on the other hand, would have at least one pair of adjacent starred atoms. 2°,2~ Published studies 22-29 involving over 80 PAHs have identified dibenzo[hi,wx]heptacene, benzo[k]fluoranthene, and naphtho [2,3b] fluoranthene as among the few exceptions to the so-called nitromethane selective quenching rule in the PAH6 benzenoid, fluorenoid, fluoranthenoid, and "methylene-bridged" cyclopenta-PAH subclasses. More recent measurements 3o revealed that nitromethane quenched fluorescence emission of all nine acenaphthylene derivatives studied thus far, which is completely contrary to what would be expected on the basis of the fact that the nine solutes are nonalternant PAHs.
Although a large spectral data file now exists for several subclasses of polycyclic aromatic compounds, we have not reported the fluorescence emission and quenching behavior of the subclass that contains the bipolycyclic aromatic hydrocarbon (bi-PAH) derivatives. As a continuation of our fluorescence s t u d i e s 22-26,3°-38 we have measured the fluorescence behavior of 1, l'-binaphthalene, 2,2'-binaphthalene, 9,9'-bianthracene, 9,9'-biphenanthrene, 1,1'-methylenebisnaphthalene, and 1,1',2,2'-tetrahydro-5,5'-biacenaphthylene dissolved in neat acetonitrile, toluene/acetonitrile (40:60 percent by volume), and ethyl acetate/acetonitrile (40:60 percent by volume) solvents at different nitromethane concentrations. Molecular structures of these six alternant bi-PAH derivatives are given in Fig. 1 . All solutes were also screened for possible solvatochromic and/or solvent polarity probe character. Fluorescence behavior of 9,9'-bianthracene has been extensively investigated before, 39-45 in part because the molecule exhibits dual fluorescence resulting from "twisted intramolecular charge transfer" (TICT) excited states, and strong spectral overlap of the TICT band and the anthracene-like "locally excited" (LE) fluorescence band. In nonpolar solvents such as cyclohexane, 9,9'-bianthracene has strong emission signals near 395 and 4 14 nm, which is indicative of the locally excited state. Significant red shifts are observed in the S~ ~ So fluorescence in the more polar solvents like acetonitrile, and they are attributed to formation of an excited-state dipole with a full electronic charge separation. Because of the perpendicular ground-state geometry, 46-48 the two anthracene moieties in 9,9'-bianthracene are orbitally decoupled 49 and fulfill the "minimum overlap rule", 49-sz a precondition for full electron transfer. Fluorescence properties of other bi-and tfi-PAHs have been examined to a much lesser extent. 53-56 To our knowledge, no one has ever reported the effect that nitromethane has on bi-PAH fluorescence emission.
MATERIALS AND METHODS
Bi-PAH solutes A, B, E, F, and G were highly purified samples from the collection of reference substances of the spectroscopy laboratory of Riitgerswerke AG, CastropRauxel, Germany. 1,1 '2,2'-tetrahydro-5,5'biacenaphthylene and 5,5'-biacenaphthylene were synthesized and purified by procedures described in the chemical literature? 7 Stock solutions were prepared by dissolving the solutes in dichloromethane. Small aliquots of the stock solutions were transferred into test tubes, allowed to evaporate, and diluted with the solvent of interest. Final solute concentrations of 10 -5 M (or less) were sufficiently dilute to minimize both primary and secondary inner-filtering artifacts. Solvents were of HPLC, spectroquality or AR grade, purchased commercially from either Aldrich or Fisher Scientific, and the resulting solutions were optically dilute (absorbances < 0.01 cm-l) at all wavelengths, except for the nitromethane quenching studies.
Absorption spectra were recorded on a Milton Roy Spectronic 1001 Plus and a Hewlett-Packard 8450A photodiode array spectrophotometer in the usual manner. The fluorescence spectra were run on a Shimadzu RF-5000U spcctrofluorometer with the detector set at high sensitivity. Solutions were excited at 300 nm (1,1'-binaphthalene), 304 nm (2,2'-binaphthalene), 360 nm (9,9'-bianthracene), 300 nm (9,9'-biphenanthrene), 290 nm (1,1'-methylenebisnaphthalene), and 300 nm (1,1',2,2'-tetrahydro-5,5'-biacenaphthylene). Fluorescence data were accumulated in a 1-cm 2 quartz cuvette at 19°C, ambient room temperature, with excitation and emission slit width settings of 15 and 3 nm, respectively. The bi-PAH fluorescence spectra, depicted in Figs is-valid. Secondary inner-filtering corrections were not necessary in the present since nitromethane is "optically transparent" in most of these bi-PAHs' emission ranges.
RESULTS AND DISCUSSION
Representative fluorescence emission spectra of 9,9'-bianthracene and 1, l'-binaphthalene dissolved in n-hexadecane, butyl acetate, dichloromethane, and dimethyl sulfoxide are depicted in Figs. 2 and 3 . These four nonelectrolyte solvents were judiciously selected to encompass the entire Py range of solvent polarity, from the nonpolar n-hexadecane to the moderately polar butyl acetate and dichloromethane to the very polar dimethyl sulfoxide, which is one of the most polar solvents on the Py scale. The Py solvent polarity scale is based upon the fluorescence properties of pyrene (a known PAH solvent polarity probe molecule) and is defined as the ratio of emission intensities of the first and third vibronic bands, i.e., Py = Ii/I3. Inspection of Figs. 2 and 3 reveals that the fluorescence emission spectra ofbi-PAHs, unlike those of their PAH counterparts, show little detailed emission fine structure. For many of the 45 nonelectrolyte solvents considered, 1,1 '-binaphthalene, 2,2'-binaphthalene, 9,9'-bianthracene, 9,9'-biphenanthrene, 1,1'-methylenebisnaphthalene, and 1,1 ',2,2'-tetrahydro-5,5'-biacenaphthylene exhibited only a single, fairly broad emission band. Two simpler PAH molecules, anthracene and phenanthrene, have four and five emission bands in their fluorescence spectrum in the 320-480 nm spectral region. 6°, 61 Figure 2 documents that 9,9-bianthracene does show solvatochromic behavior, as evidenced by rather pronounced changes in the location of its emission band. In nonpolar solvents, such as cyclohexane, two bands of comparable intensity were observed at ~ 395 and 414 nm. Significant red shifts were noted in the $1 ~ So fluorescence in the more polar dimethyl sulfoxide solvent. Excitation wavelength remained essentially constant and unaffected by solvent polarity (see Table I ). As stated in the Introduction, these particular observations have been reported in several previous publications; 39-45 however, the 45 solvents in Table I 43 Slight variations in wavelength and frequency shifts are to be expected when one is comparing fluorescence data recorded on different instruments, due to differences in wavelength calibration, wavelength-dependent photomultiplier detector response, optical component efficiencies, excitation/emission slit widths and/or solvent blank correlations. (Note: Kabouchi et al? 3 gave very little information in terms of their experimental procedure.) Also, 9,9'-bianthracene's broad emission band and shoulders make exact determination of ~kem subject to greater experimental uncertainty; this factor contributes in part to the differences noted between our Stokes shifts and those reported in the chemical literature. For any given spectrofluorometer, measured Av values for a series of solvents should be internally consistent.
Of the remaining five bi-PAH solutes studied, 1,1'-binaphthalene showed the second-most solvatochromic behavior. The observed 10-nm shift in emission wavelength, however, was much too small to allow us to ever recommend 1, l'-binaphthalene as a useful solvent polarity probe molecule in fluid solution. Pankasem and Thomas s3 have successfully used 1,1 '-binaphthalene as a room-temperature luminescent probe for monitoring active sites on 7-alumina. When adsorbed onto a solid surface, free rotation of the two naphthyl moieties about the C-C single bond connecting both aromatic ring systems is hindered. 1,1 '-Binaphthalene thus exists in two distinct planar conformations, each of which exhibits different photophysical behavior. In solution, rotation is significantly faster. The observed emission spectra in Fig. 3 likely correspond to some "equilibrium average" of the two planar conformers plus all intermediate rotational conformers, rather than that of a single conformer. The solvatochromic shift will be less pronounced in fluid solution.
To a first approximation, specific effects are ignored. The energy difference (in cm -1) between the solvated ground-and excited-state fluorophore can be described by either the Lippert equation are only marginally correlated at best. There is considerable scatter in the data points around each of the socalled "best straight lines", which were determined via least-squares analysis.
One can argue that such nonlinear behavior is typical of fluorophores having two (or more) excited states (i.e., an anthracene-like locally excited state and a twisted intramolecular charge transfer excited state), in that each state would have a different dipole moment. The multiplicative [(u* -#)2/a3] factor in Eq. 1 would be constant for only a single excited state, not for both the LE and TICT excited states of 9,9'-bianthracene. for regressional analysis according to the Lippert equation. Data points for 1,2-dichloroethane, dichloromethane, chlorobenzene, chloroform, cyclohexanol, tetrahydrofuran, dimethyl carbonate, and ethyl acetate do not visually appear to belong to either dashed line, and these eight solvents were excluded from the statistical treatment. Kabouchi et al. 43 presented a similar two-line graph; however, the authors listed only five solvents (also see Ref. 81) . Interestingly, half of the eight solvents that were excluded from the dashed-line least-squares treatment contained at least one chlorine atom. In earlier papers, 82-84 we rationalized abnormal fluorescence behavior of PAH and PANH solute probes in select chloroalkane solvents in terms of photochemical reactions. Carbon tetrachloride, and to a much lesser extent chloroform and dichloromethane, is known to undergo irreversible photochemical reactions with several PAH solutes. 8s-92 The photochemical reaction of carbon tetrachloride with anthracene is believed to involve the formation of two free radical species, as suggested by the following reaction mechanism: s5 PAH + hv ~ IPAH* ~PAH* + CCI 4 ~ I(PAH-CCI4)* t(PAH-CC14)* ~ 3(PAH-CCI4)* ~ 3pAH* + CC14 ~(PAH-CC14)* ~ "PAH-CI + "CC13 ~ Products where superscripts 1 and 3 denoted excited singlet and triplet states, respectively. The isolated major product was identified as 9-chloro-10-trichloromethyl-9,10-dihydroanthracene. Reaction mechanisms for the larger PAH molecules are expected to be more complex and to include several major products. In fact, Wiczk and Latowski 92 noted that reaction products resulting from irradiation of pyrene and perylene in carbon tetrachloride had molecular formulas of Ci6HqC1, C17H9C13, C33H19C13, C17H1oC14, C1sHsC16, C33H16C14, and C34H2oC16 and of C2oHllCl, C2oH~oC12, C2oH9C13, C22H10C14, and C22H12C14, respectively. The authors, however, did not attempt to identify the various products formed.
In an experiment to determine whether an undesired photochemical reaction was responsible for several chlorinated solvents being off the dashed lines, solutions of 9,9'-bianthracene dissolved in carbon tetrachloride and chloroform were irradiated at 300 and 360 nm (~,ox for the bi-PAH solute) for a prolonged period of time. Fluorescence emission spectra were recorded periodically, and any differences from the original spectrum (at time zero) were noted. As shown in Fig. 6 , there is a rather dramatic reduction in the measured emission signal for 9,9'-bianthracene dissolved in carbon tetrachloride with increasing irradiation time. After 65 rain of irradiation at 360 nm (and 300 nm, not shown) the emission signal was approximately one-sixth of its original value, and the maximum intensity emission wavelength had red-shifted from 418 to 435 nm, with a fairly broad shoulder beginning to appear at 454 nm. Fifty-five minutes of additional irradiation decreased the 418-nm emission intensity by another 50%, while the 454-nm peak grew slightly. The emission spectrum remained constant for the third hour of irradiation. In the case of chloroform solvent, there were no visual changes noted in 9,9'-bianthracene's emission spectrum, even after 2 h of continued irradiation at both 300 and 360 nm. For these measurements, the presence of oxygen (air) was not excluded. However, since no spectral changes were observed when chloroform was used as the solvent, the observed changes in carbon tetrachloride cannot be due to photooxidation. On the basis of the fact that it took us about 5 min (or less) to record 9,9'-bianthracene's emission spectrum, we conclude that, while photochemical reactions may occur, they are much too slow to be responsible for the chlorinated solvents deviating from the Lippert (see Fig. 4 ) and Bilot-Kawski (see Fig. 5 ) relationships.
Previous studies 19,22-3° involving nitromethane as a selective quenching agent for discriminating between alternant vs. nonalternant PAHs utilized either neat acetonitrile or a binary aqueous/acetonitrile mixture (20:80 percent by volume) in order to have sufficient polarity./ dielectric constant to facilitate electron transfer. Such solvents work well as mobile phases in HPLC separation for those PAHs that contain six rings or less, but different solvent strengths must be employed for larger PAHs having six to ten rings. Toluene/acetonitrile or ethyl acetate/ acetonitrile mixtures have served well as HPLC mobilephase solvents for the separation of the larger PAHs. 93,94 One or two pasteur pipette drops of nitromethane (per 3 mL of solution) was found to effectively quench fluorescence emission of 1,1'-binaphthalene, 2,2'-binaphthalene, 9,9'-biphenanthrene, 1,1'-methylenebisnaphtha-lene, and 1,1',2,2'-tetrahydro-5,5'-biacenaphthylene dissolved in neat acetonitrile and in binary toluene/acetonitrile (40:60 percent by volume) and ethyl acetate/ acetonitrile (40:60 percent by volume) solvent mixtures. After correction for primary inner filtering, the calculated emission intensity was reduced to roughly 10-25% of its original value. Emission quenching was less pronounced in the case of 9,9'-bianthracene since five pasteur pipette drops of nitromethane only halved the original emission signal, again after correction for primary inner-filtering effects.
